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ABSTRACT: We examined the effects of different forms of nitrogen and mixed versus static conditions on the structure
and function of natural Neuse River estuary phytoplankton communities incubated in 66-liter microcosms in March, May,
August, and November 1999. Significant differences were found between effects of mixed versus static treatments in
three of four experiments, but no differences were observed between effects of different forms of nitrogen. Mixed
incubations resulted in higher contributions of diatoms to total community biomass (measured as chlorophyll a) than in
static tanks in May. Significantly higher rates of carbon fixation were also observed, likely due to increased suspension
of diatoms in surface (illuminated) layers of the tanks. In August, we found significantly higher abundances of cyano-
bacteria, total community biomass, and rates of carbon fixation in static tanks than in tanks that were mixed. In Novem-
ber, static incubations showed significantly higher abundances of cryptophytes resulting in higher total community bio-
mass and rates of carbon fixation in static tanks than in mixed tanks. Nitrogen additions significantly increased total
community biomass relative to controls in May and August, indicating that the communities were nitrogen-limited at
these times. We conclude that while nitrogen additions may result in increases in phytoplankton biomass when nitrogen
is limiting, phytoplankton community structure in the Neuse River Estuary may be determined more by the hydrodynam-

ics of the system (mixing versus stratification) than by the form of nitrogen available for growth.

Introduction

The Neuse River estuary, North Carolina, cur-
rently shows symptoms of eutrophication that in-
clude recurring algal blooms, extensive bottom wa-
ter hypoxia and anoxia, and fish kills (Paerl et al.
1990, 1998; Nixon 1996). High levels of nitrogen
loading from the Neuse watershed and airshed
have been implicated as the causative agents of eu-
trophication in this system (Paerl et al. 1990, 1995;
Copeland et al. 1991; Pinckney et al. 1997, 1998).
Productivity and growth of phytoplankton in the
Neuse River estuary are at times nitrogen-limited
(late spring, summer, early fall; see Hobbie and
Smith 1975; Rudek et al. 1991; Paerl et al. 1995)
making the estuary responsive to nitrogen inputs.
While studies of eutrophication often examine the
effects of nutrient inputs on bulk indicators such
as primary productivity or total community bio-
mass (usually measured as chlorophyll a [chl a]),
our study takes a phytoplankton group-specific ap-
proach. Our underlying rationale is that the taxo-
nomic composition and relative abundance of dif-
ferent algal groups in a phytoplankton community
are fundamental determinants of aquatic ecosys-
tem structure and function. Significant alterations
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in phytoplankton community composition could
have major negative ecological and economic im-
pacts on the entire estuarine ecosystem. Harmful
and nuisance algal blooms, bottom water oxygen
depletion, decreases in water quality, alterations of
trophic structure, and the collapse of fisheries are
all potential consequences of major shifts in com-
munity structure either at the algal group or spe-
cies level.

Nitrogen inputs to the Neuse River estuary vary
in chemical composition because they originate
from diverse sources such as agricultural runoff or
atmospheric deposition (Paerl et al. 1998; Pinck-
ney et al. 1998). Intrinsic physiological differences
in uptake capabilities between phytoplankton may
result in species-specific or group-specific respons-
es to different nitrogen forms and concentrations
(Neilson and Larsson 1980; Collos 1989). Respons-
es of phytoplankton to the form of available nitro-
gen may also be mediated by light availability.
Light is a potentially limiting factor in turbid es-
tuaries like the Neuse (e.g., Pennock 1985; Pen-
nock and Sharp 1994), and there is some evidence
that the Neuse is at times lightlimited (Boyer et
al. 1993). Nutrient uptake is directly or indirectly
coupled to photosynthetic processes (Turpin
1991) because energy considerations determine, in
part, what form of nitrogen is used by phytoplank-
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Fig. 1. Map of the Neuse River estuary in eastern North Car-
olina. The water collection site for the bioassays is indicated.

35°00'

ton. Ammonium may be preferentially taken up
over nitrate because less metabolic energy is re-
quired to assimilate the already-reduced ammoni-
um form (Syrett 1981; Vincent 1992; but see
Thompson et al. 1989). Phytoplankton responses
to differing forms of nitrogen may be expressed as
differential growth rates that will be ultimately
manifested in the prevailing phytoplankton com-
munity structure and function; differential re-
sponses may play an important role in structuring
natural phytoplankton communities and in medi-
ating bloom dynamics (Stolte et al. 1994).

The overall goal of our study was to determine
whether the form of nitrogen available for growth
influences natural phytoplankton community
structure and function in the Neuse River estuary.
A second objective was to determine how mixing
of the water column may affect phytoplankton
community structure and function in this hydro-
dynamically variable system. Our overall hypothesis
was that differing growth responses to various ni-
trogen compounds and mixing regimes (as a reg-
ulator of light exposure; see Cullen and Lewis
1988) would result in taxonomically-distinct and
physiologically-distinct phytoplankton communi-
ties. We hypothesized that the energetic require-
ments for assimilation of nitrate will favor use of
ammonium under conditions of reduced light
availability (i.e., in static tanks).

Methods

We performed experimental manipulations of
natural Neuse River phytoplankton communities
that were collected from a mesohaline site in the
Neuse River estuary (Fig. 1). Water was pumped
from 1 m below the surface into a pre-cleaned
(flushed with river water) 4,500-1 trailer-mounted
polyethylene tank using a non-destructive dia-
phragm pump and was transported to the Institute
of Marine Sciences (IMS) in Morehead City, North
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Carolina. Previous work has shown that the loca-
tion chosen for the water collection is representa-
tive of the phytoplankton community in the me-
sohaline section of the estuary (Pinckney et al.
1997, 1998). At IMS, the water was dispensed into
36 translucent 1 m tall fiberglass tanks, each with
a 66 1 capacity. The bottom two-thirds of each mi-
crocosm was wrapped with opaque material, while
the top one-third of each microcosm was surround-
ed with two layers of neutral density screening (Fig.
2). Covering the microcosms prevented light from
penetrating the tanks from the side and resulted
in a vertical profile of irradiance similar to that
measured in the Neuse River estuary, albeit over a
compressed vertical scale (Fig. 2). Microcosms
were amended with nutrients as outlined in Table
1. Nutrient additions were nitrate, ammonium,
urea, nitrate + ammonium + urea in equimolar
concentrations, and a combined treatment of ni-
trate + ammonium + phosphate. The combined
treatment of nitrate + ammonium + phosphate
allowed us to examine the potentially limiting or
co-limiting effects of phosphate. The combined ni-
trogen treatments were included because phyto-
plankton communities are often exposed to ni-
trate, ammonium, and dissolved organic nitrogen
in natural systems, and the possible interactive ef-
fects must be examined. We chose urea as a sur-
rogate form of dissolved organic nitrogen (DON);
we acknowledge that the composition and chem-
istry of DON compounds in the Neuse and other
estuaries are still under study.

Microcosms were incubated outdoors in a large
(10 X 10 X 1.2 m) concrete pond through which
water from nearby Bogue Sound was circulated to
maintain in situ temperatures, and were either left
static or were gently mixed by bubbling slowly with
air. Experiments were conducted in March, May,
August, and November 1999. For each experiment,
incubations were 6 d. As we were interested pri-
marily in initial community responses and were
wary of artifacts (container effects) that might oc-
cur with longer incubations, we focused on the first
3 d of each experiment. Nutrients were added to
the tanks as concentrated solutions at 0800 on Days
0, 1, and 2 of each experiment so that the final
concentration of added nutrients was as outlined
in Table 1. There were six replicates of each nu-
trient addition treatment, three in mixed tanks
and three in static tanks (Table 1). After the nu-
trient additions, each tank (including each static
tank) was mixed thoroughly to distribute the nu-
trients throughout the tank. Microcosms were sam-
pled immediately after nutrients were added and
mixed; the samples taken reflect an integrated
sample of the water column. Approximately 2.5 li-
ters of water were taken from each microcosm
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Fig. 2. a) Schematic representation of microcosms used in
the present study. The top one-third of each tank was surround-
ed with 2 layers of neutral density screen. The bottom two-thirds
was covered with an opaque material. Noted are the approxi-
mate levels of water on the outside of each tank when in the
incubation pond and the level of sample water inside each tank.
b) An example of a vertical profile of irradiance in microcosms
used in the present study that contained Neuse River estuary
water and a representative profile of irradiance in the Neuse
River estuary. Note that covering the outside of the tanks results
in the attenuation of light with depth in the tank similar to the
attenuation of light in the estuary although over a compacted
vertical scale.

each sampling day. Chemosystematic photosyn-
thetic pigments, nutrient concentrations, and rates
of carbon fixation were determined on Days 0, 1,
and 3 of each experiment. Nutrient concentrations
were determined on these days and on Day 6. Mea-
surements of temperature and dissolved oxygen
were done at the surface of the tanks on Days 0,
1, and 3 using a Hydrolab water quality profiler.
Photosynthetic pigments were analyzed by high
performance liquid chromatography (HPLC) and

TABLE 1. Experimental design for microcosm bioassays. Nu-
trient additions were nitrate (N) alone (10 uwM-N as KNO;™),
ammonium (A) alone (10 puM-N as NH,CI), urea (10 uM-N)
alone, nitrate + ammonium + urea (N + A + U, 3.3 pM-N +
3.3 puM-N + 3.3 uM-N), and nitrate + ammonium + phosphate
(N+ A+ P 5puMN + 5 uM-N + 3 pM-N). Phosphate was
added as KH,PO,. Controls had no nutrients added. Nutrient
additions were done for both mixed and static incubations for
a total of 36 tanks. Results were analyzed statistically using a
repeated measures analysis of variance with two fixed factors
(nutrients, mixing) and Bonferroni post hoc analysis (p <
0.05).

Replicates

Nutrient Concentration of each

Factors Addition (uM-N or P) treatment
Nutrients Control 0 6
Nitrate 10 6
Ammonium 10 6
Urea 10 6
N+A+U 33+ 33+ 33 6
N+A+P 5+5+3 6
Mixing Mixed 18
Static 18

were used to determine the composition and rel-
ative biomass of phytoplankton taxonomic groups
(Millie et al. 1993; Jeffrey et al. 1997). The major
phylogenetic groups of interest in the Neuse River
were chlorophytes (with corresponding diagnostic
pigments chl b, and lutein), cyanobacteria (zeaxan-
thin), diatoms (fucoxanthin), dinoflagellates (per-
idinin), and cryptomonads (alloxanthin) (Pinck-
ney et al. 1997, 1998). Aliquots (0.2 to 0.8 1) were
filtered under a gentle vacuum (< 50 kPa) onto
4.7 cm diameter glass fiber filters (Whatman GF/
F) which were immediately frozen and stored at
—80°C. Frozen filters were placed in 100% acetone
(2 ml), sonicated, and extracted at —20°C for 12
to 20 h. Filtered extracts (200 nl) were injected
into a Spectra-Physics HPLC equipped with a sin-
gle monomeric (Rainin Microsorb-MV, 0.46 X 10
cm, 3 mm) and two polymeric (Vydac 201TP, 0.46
X 25 c¢cm, 5 mm) reverse-phase C18 columns in
series. A nonlinear binary gradient was used for
pigment separations (Pinckney et al. 1996). Sol-
vent A consisted of 80% methanol:20% ammoni-
um acetate (0.5 M adjusted to pH 7.2), and solvent
B was 80% methanol:20% acetone. Absorption
spectra and chromatograms (440 nm) were ac-
quired using a Shimadzu SPD-M10av photodiode
array detector. Pigment peaks were identified by
comparing retention times and absorption spectra
with pure crystalline standards, including chl a, b,
B-carotene (Sigma Chemical Co.), fucoxanthin,
and zeaxanthin (Hoffman LaRoche and Compa-
ny). Other pigment identifications were based on
extracts from phytoplankton cultures (Wright et al.
1991) and quantified using published extinction



coefficients (Mantoura and Llewellyn 1983; Rowan
1989; Jeffrey et al. 1997).

The contribution of each algal group to overall
community composition in units of chl a was de-
termined using CHEMTAX (CHEMical TAXono-
my), a matrix factorization program (Mackey et al.
1996; Wright et al. 1996). This program uses steep-
est descent algorithms to determine the best fit
based on an initial estimate of pigment ratios for
algal classes. Both the absolute and relative contri-
butions of algal groups to the total community bio-
mass can be calculated. The absolute contribution
of any algal group is the concentration of chl a (in
g 171) that is contributed by that group. Relative
contributions are calculated as the proportion of
total chl a that is accounted for by the group so
that the sum of contributions from all groups
equals 1. Initial pigment ratio files were taken from
Mackey et al. (1996). Evaluations of the CHEM-
TAX method have shown it to be generally insen-
sitive to values chosen for the initial pigment ratio
matrix (Mackey et al. 1996; Schliiter et al. 2000).
Full discussions, validation, and sensitivity analyses
of CHEMTAX are provided in Mackey et al. (1996)
and Wright et al. (1996).

Inorganic nitrogen and phosphate concentra-
tions were measured to verify that nutrient addi-
tions in the bioassays were sufficient to increase
nitrate, ammonium, and phosphate concentrations
above those of natural water controls. Water sam-
ples (50-100 ml) were filtered through pre-com-
busted (500°C, 16 h) 25 mm Whatman GF/F filters
before analyses. Nitrite + nitrate (NOy~ + NO;™),
ammonium (NH,*), and dissolved inorganic phos-
phate (PO, %) were quantified in the filtered water
with a Lachat AutoAnalyzer (Quickchem 8000) us-
ing standard protocols (Lachat Quickchem meth-
ods 31-107-04-1-C, 31-107-06-1-A, and 31-115-01-3-
C, respectively). Nitrate, ammonium, and phos-
phate were the main nutrients of interest in our
work. The addition of urea was done only as a pre-
liminary experiment and therefore concentrations
of this nutrient were not measured.

Rates of carbon fixation were determined by *C
incorporation according to the method described
by Parsons et al. (1984). One sample from each
microcosm was transferred to a 125 ml polycarbon-
ate bottle and was injected with NaHCO; (final
concentration 185 to 260 kBq ml™'). Each bottle
was incubated in the tank from which the water
sample was removed for 4 h centered at local
noon. Bottles were weighted so that they were sus-
pended at a depth in the tank that was approxi-
mately 50% of incident irradiance. The experi-
mental design allowed triplicate determinations of
carbon fixation for each nutrient and mixing treat-
ment (one bottle from each tank) on each sam-
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pling day. One dark bottle per treatment was in-
cluded and the value was subtracted from mea-
surements in the light. After incubation, phyto-
plankton were filtered onto GF/F filters, air-dried,
and fumed with concentrated HCI to remove un-
incorporated 'C. Filters were then placed in vials
containing scintillation cocktail (Ecolume, ICN,
Inc.) and the counts per minute were enumerated
with a Beckman Model LS5000TD liquid scintilla-
tion counter. Counts per minute were converted to
disintegrations per minute using quench curves
constructed from a calibrated !"C-toluene stan-
dard. Dissolved inorganic carbon in all samples was
determined by using a LiCor model LI 6252 CO,
analyzer.

Responses of the phytoplankton community on
Days 0 to 3 were analyzed using a repeated mea-
sures analysis of variance (ANOVA) (Neter et al.
1985; Scheiner and Gurevitch 1993) using SPSS 9.0
for Windows. Absolute concentrations of algal
groups, total community biomass (as chl @), and
carbon fixation data were analyzed using two fixed
factors (nutrients, mixing) and were In-trans-
formed before analysis to satisfy the normality as-
sumption. Relative abundance data were analyzed
similarly, but were arcsine square root trans-
formed. Homogeneity of error variances was
checked using Cochran’s Test, and because the as-
sumption of homogeneity was satisfied a Bonfer-
roni test (o = 0.05) was used for post hoc com-
parisons of means.

Results

Water temperature in all microcosms varied be-
tween experiments following expected seasonal
variations. Temperatures on Day 0 of each experi-
ment were coldest in March (average temperature
of all microcosms = 8.4 = 0.1°C) with warmer tem-
peratures in May, August, and November (16.9 *
0.1, 26.1 = 0.3, and 18.2 = 0.2°C, respectively).
Temperatures varied between Day 0 and Day 3 of
each experiment by less than 2—4°C.

The initial composition and biomass of Neuse
River phytoplankton communities collected at the
mesohaline site also varied between experiments
(Fig. 3). In March, the phytoplankton community
was composed of chlorophytes, cryptophytes, cya-
nobacteria, and diatoms, contributing approxi-
mately 25.3%, 26.6%, 18.7%, and 29.4% of the to-
tal chl a, respectively. No dinoflagellates were ob-
served. Total community biomass averaged 4.0 =
0.7 (SD) pg chl a 17!, In May, overall community
biomass was higher than in March with a total chl
a concentration of 12.8 = 1.3 (SD) pg 1°!. Phyto-
plankton community composition in May was dom-
inated by cryptophytes (51.2% of total community
biomass), followed by diatoms (26%), chlorophy-
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Fig. 3. Phytoplankton community composition at the study
site on Day 0 of experiments conducted in March, May, August,
and November 1999.

tes (12.6%), and cyanobacteria (10.1%). As in
March, no dinoflagellates were detected. Cyano-
bacteria dominated the phytoplankton community
at this site in August (68% of total chl @), while
diatoms (20%), chlorophytes (6%), and crypto-
phytes (6%) made up the remainder. Total com-
munity biomass in August was 11.1 £ 1.7 (SD) pg
chl al7!. Total biomass was lowest in the November
experiment (2.5 = 0.4 (SD) pg chl a1'). The No-
vember community was predominantly cryptophy-
tes (73%), with contributions from the cyanobac-
teria (9.5%), diatoms (9%), and chlorophytes
(8.4%). As was observed in all other experiments,
no dinoflagellates were detected at this sampling
location.

Responses to nutrient additions and mixing
treatments varied between experiments. In March,
no significant differences between controls and
treatments were observed in phytoplankton com-
munity composition, total community biomass, or
rates of carbon fixation (Fig. 4). In May, the ab-
solute and relative abundances of cryptophytes
were significantly higher in static incubations than
in mixed tanks (Fig. 4). Mixing increased the ab-
solute and relative contributions of diatoms in May
resulting in higher rates of carbon fixation (Table
2 and Fig. 4), but there was no difference in overall
community biomass. The addition of ammonium,
nitrate + ammonium + urea, and nitrate + am-
monium + phosphate resulted in significantly
higher total community biomass (Fig. 4 and Table
2) through effects on the chlorophyte component
of the community, although there was no signifi-
cant change in the relative contribution of this
group to phytoplankton community composition.
Additions of different forms of nitrogen did not
result in significant differences in community
structure between treatment groups.

In August, the absolute and relative contribu-

tions of chlorophytes and diatoms to the phyto-
plankton community were significantly higher in
mixed tanks than in static incubations (Fig. 4 and
Table 2). Static incubations, however, resulted in
higher absolute and relative abundances of cya-
nobacteria to the community, higher total com-
munity biomass, and higher rates of carbon fixa-
tion (Fig. 4 and Table 2) than mixing treatments.
All nutrient treatments resulted in significantly
higher absolute abundances of all algal groups pre-
sent (chlorophytes, cryptophytes, cyanobacteria,
and diatoms) and therefore in higher total com-
munity biomass and rates of carbon fixation (Fig.
4). There was a significant interaction observed be-
tween the static incubation and nutrient addition
treatments (Table 2) for the absolute abundance
of cyanobacteria. This is the only case where a sig-
nificant interaction between the nutrient and mix-
ing treatments was observed. The relative abun-
dances of cyanobacteria and diatoms were signifi-
cantly higher in all nutrient treatments than con-
trols (Table 2 and Fig. 4).

We detected shifts in the total biomass and com-
munity composition of control tanks over the
course of the August experiment. Total community
biomass decreased from initial concentrations of
11.1 £ 1.7 (see Fig. 3) to 2.3 £ 0.2 (SD) ng chl a
I"! and 3.7 = 0.2 (SD) pg chl @ 17! in mixed and
static control tanks, respectively. We also observed
decreases in carbon fixation rates by nearly 4-fold
between Day 0 and 3 in control tanks (Fig. 4).

There were no significant effects of nutrient ad-
ditions on total community biomass or on com-
munity composition in November 1999. There
were significant effects of mixed versus static treat-
ments. Mixing increased the absolute and relative
abundance of cyanobacteria and diatoms to the
community (Table 2 and Fig 4). Cryptophytes were
significantly higher in static incubations than in
mixed tanks, and the relatively high proportion of
cryptophytes in the community resulted in higher
total community biomass and rates of carbon fix-
ation in the static incubations than in mixed tanks
(Fig. 4 and Table 2).

Initial concentrations of dissolved inorganic nu-
trients varied widely between experiments and fur-
ther additions of nitrate, ammonium, or phos-
phate to the microcosm tanks resulted in varying
concentrations of each of these three nutrients.
Representative data from the May and August ex-
periments are shown in Fig. 5. Initial concentra-
tions of nitrogen (particularly nitrate) were high
in May as was observed in March and November.
Both nitrate and ammonium were initially ex-
tremely low (< 1 pM-N) in August (Fig. 5). Con-
centrations of all nutrients declined between Days
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Fig. 4. Phytoplankton community
May, August, and November 1999. Microcosms were amended with nitrate (N),

ammonium (ammon; A), urea (U), N + A + U in
M and S refer to mixed and static tanks, respectively.

equimolar concentrations, or N + A + phosphate (P) as detailed in Table 1.

Error bars indicate standard deviation of the mean.
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TABLE 2. Results of 2 factor repeated measures ANOVA for each experiment in 1999. The symbol C denotes the control treatment,
N refers to the nitrate addition treatment, A to the ammonium addition treatment, U to the urea addition, NAU to nitrate +
ammonium + urea, and NAP to nitrate + ammonium + phosphate additions. Absolute and Relative refer to the absolute concen-
tration of the algal group and the relative abundance of the group in the community, respectively. Non-significant differences are
indicated by — and, where differences were detected, the results of mean comparisons are presented (p < 0.05). * indicates a

significant interaction between mixing and nutrient treatments.

Abundance

Variable Factors Measure March

May August

November

Mixing — —

static > mixed static > mixed

Primary Production Nutrient —  — all additions > C —
Mixing —  mixed > static static > mixed static > mixed

Total Biomass Nutrient — A, NAU, NAP > C all additions > C —
Relative — mixed > static mixed > static mixed > static
Mixing Absolute — mixed > static mixed > static mixed > static

Relative — — A, U, NAU > C —

Diatoms Nutrient  Absolute — — all additions > C —
Relative — static > mixed — static > mixed
Mixing Absolute — static > mixed — static > mixed

Relative — — N>C —

Cryptophytes Nutrient Absolute — — N, A, NAU, NAP > C —

Relative — — mixed > static —

Mixing Absolute —_ - mixed > static —

Relative — — — —

Chlorophytes Nutrient Absolute — N, A, NAU, NAP > C all additions > C —
Relative — — static > mixed mixed > static
Mixing Absolute —_ - static > mixed* mixed > static

Relative — — all additions > C —

Cyanobacteria Nutrient  Absolute —_ - all additions > C* —

3 and 6 of each experiment because no further
nutrient additions were made after Day 2.

Discussion

A variety of biological, chemical, and physical
processes regulate phytoplankton community
structure and function in aquatic ecosystems. Abi-
otic factors, such as nutrients, light, temperature,
salinity, and vertical mixing, and biotic factors, like
inter-specific competition and selective grazing,
have all been implicated as major structuring forc-
es. The composition of natural phytoplankton
communities reflects the integrated effects of these
known (and unknown) selective pressures. An un-
derstanding of the integrated effects is fundamen-
tal to the development of predictive ecological
models and to the formulation of effective coastal
nutrient management strategies (Cloern 1996;
Roelke et al. 1997). This can only be achieved
through manipulations of individual structuring
factors under controlled experimental conditions,
e.g., in microcosms. The high degree of variability
that we observed in initial community composition
during our experiments reflects the integrated ef-
fects of various forcing factors. This variability is
consistent with the high degree of temporal and
spatial variability in phytoplankton community
composition in the Neuse River estuary character-
ized by previous work (Pinckney et al. 1997, 1998;
Paerl et al. 1998). The differences in initial phy-
toplankton community composition that we ob-

served between seasons in this study makes it dif-
ficult to separate differential growth responses due
to initial community structure from seasonal dif-
ferences, at least with this experimental design.

RESPONSES TO NUTRIENT ADDITIONS

Previous work has hypothesized that different
forms of nitrogen may result in taxonomically-dis-
tinct phytoplankton communities due to inherent
differences in uptake capabilities and preferences
(Eppley et al. 1969; Carpenter and Guillard 1971;
Dortch 1990). We found no significant differences
between the effects of different forms of nitrogen
on phytoplankton community structure or func-
tion. Our work agrees with a study by Burford and
Pearson (1998) that also showed that the form of
available nitrogen had no effect on phytoplankton
community composition in aquaculture ponds in
Australia. We acknowledge that it was difficult to
separate completely the effects of different nitro-
gen forms in some of our experiments, because
high concentrations of ambient nitrate in winter
months confounded our attempt to alter the ratio
of available nitrate to other nitrogenous nutrients.
Variations in the experimental design are neces-
sary to resolve completely the issue of nitrogen
form under these conditions, but there was still no
clear evidence of significant differences between
different forms of nitrogen even when ambient ni-
trogen was low or undetectable. The isolation of
water in microcosms away from underlying sedi-
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Fig. 5. Dissolved inorganic nitrogen (nitrate-N and ammonium-N) and dissolved inorganic phosphate concentrations from rep-
resentative nutrient treatments in May and August 1999. Error bars indicate standard deviation of the mean. An impending hurricane

prevented sampling beyond Day 3 of the August experiment.

ments also prevented us from examining any ef-
fects of sediment-derived nitrogen fluxes to this
system.

Neuse River estuary phytoplankton responded
to nitrogen additions in all forms and concentra-
tions only when ambient nitrogen concentrations
were initially low. High ambient concentrations of
nitrate in March and November are the likely ex-
planation as to why nitrogen additions did not sig-
nificantly affect rates of carbon fixation, overall
community biomass, or phytoplankton community
structure; phytoplankton communities during
these experiments were already nitrogen-replete.
In May, initial concentrations of nitrate were fairly
high (> 10 pM), but high initial biomass meant
that phytoplankton quickly depleted the tanks of
both nitrate and ammonium. In August, initial am-
bient nitrogen was extremely low and nitrogen was
taken up readily by phytoplankton in a classic ni-
trogen-limited response. Previous work has shown
that phytoplankton in the Neuse River estuary are

nitrogen-limited during the springtime, summer-
time, and into the fall (Rudek et al. 1991; Paerl et
al. 1995) being especially pronounced in the sum-
mer months. Our experiments support these ob-
servations.

Manipulations performed in March 1999 elicit-
ed no response of the phytoplankton community
to nutrient additions. While the lack of response is
likely due in part to the high ambient nitrogen
concentrations, it is important to note that cells of
the usual winter (February/March) bloom-form-
ing dinoflagellate, Heterocapsa triquetra, were not
present at this time. Short day length, relatively low
sun angle, and cold temperatures in March may
also have played a role.

Results of the May experiment were particularly
interesting in that the community seemed to show
a preference for ammonium over nitrate, or pos-
sibly the inhibition of nitrate uptake in the pres-
ence of ammonium (see, e.g., Dortch 1990). By
Day 3 of the experiment, there was still approxi-
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mately 10 uM nitrate in the ammonium addition
tanks but virtually all of the ammonium had dis-
appeared. Any preferences for uptake that may
have existed, however, were not translated into sig-
nificant differences in phytoplankton community
structure and function. Possible preferences for
ammonium over nitrate also do not seem to be
related to light availability (and thus energetic re-
quirements) as the trend was observed under both
mixed and static conditions. It is possible that this
preference is related to the taxonomic composi-
tion of the community.

POSSIBLE EFFECTS OF ZOOPLANKTON GRAZING

In the August experiment, total community bio-
mass was initially 11 pg 1°1. By Day 3 of the exper-
iment, biomass in control tanks had decreased to
between 2-4 pg 17!, indicating that there was sub-
stantial grazing by zooplankton occurring in the
tanks. Effects of grazing are also seen in measure-
ments of carbon fixation in August (Fig. 4). Car-
bon fixation in controls and mixed tanks declined
by Day 3; growth of cyanobacteria in the static
tanks was sufficiently rapid to allow accumulation
of biomass over losses due to grazing. Calculations
of primary productivity normalized to total chl «
show that assimilation numbers did not decline
over the course of the experiment. This indicates
that the community was growing well and supports
the notion of top-down control of phytoplankton
biomass. Previous work in the Neuse River estuary
has shown that zooplankton community grazing
rates are generally lowest in winter and highest in
spring and late summer (range 0.1 to 310 ml 1!
h~!) and may account for between 38-45% of daily
phytoplankton production in this estuary (Mallin
and Paerl 1994). These results illustrate clearly that
the possible top-down effects of grazing on phyto-
plankton community structure and function, in-
cluding the possibility of group-specific grazing,
should also be considered.

RESPONSE TO MIXED VERSUS STATIC TREATMENTS

The most noticeable response of Neuse River
phytoplankton communities was to the mixed ver-
sus static treatments. Carbon fixation was signifi-
cantly higher in mixed tanks than in static tanks in
experiments conducted in May, indicating that
light availability may limit or co-limit primary pro-
ductivity and growth. In the Neuse River estuary,
turbidity is high and light is rapidly attenuated with
depth. The diffuse attenuation coefficient (K,
m~1), a factor that describes the extinction of light
with depth (Kirk 1994), ranges from less than 1 to
greater than 4 m™!, averaging 2.2 = 0.79 (SD) m™!
(Pinckney unpublished data). Because of high tur-
bidity, primary productivity may be reduced or

light-limited even at times when there is an ample
supply of nutrients. Light-limitation of phytoplank-
ton production has been examined in other estu-
aries (Wofsy 1983; Cole and Cloern 1984; Pennock
1985; Harding et al. 1986; Cloern 1987; Pennock
and Sharp 1994) and there is supporting evidence
from the field that Neuse River phytoplankton
populations may be at times light-limited (Boyer et
al. 1993). Direct extrapolation of results of our
work in 1 m tall microcosms directly to the Neuse
River must be done with caution. We have not
quantified the rate of vertical mixing in our tanks,
and do not know how our mixing rates compares
to those in the river. We used gentle bubbling sim-
ply as a mechanism to keep the phytoplankton in
suspension and to increase the amount of light
available to the phytoplankton community. We ac-
knowledge the importance of assessing rates of tur-
bulent mixing in the microcosms (Sanford 1997)
and this is an area that must be addressed in future
research. Future studies should also include an ex-
amination of the potentially detrimental effects of
mixing on zooplankton abundance in our system
(Petersen et al. 1998) and the possible effects of
the ratio of radius to depth of microcosms which
has been shown to be an important consideration
(Petersen et al. 1997).

The diatom and chlorophyte components of the
Neuse phytoplankton community seemed to be
particularly responsive to the mixing treatment. In
the August and November experiments, both the
absolute and relative contributions of the diatoms
to the phytoplankton community were significantly
higher in mixed tanks than in static tanks. We con-
sidered the possibility that the increased abun-
dance of diatoms in mixed tanks was an artifact of
sampling. It is possible that the relatively heavy di-
atoms sink to the bottom of static tanks and thus
were not effectively sampled. However, before sam-
pling, all tanks (mixed and static) were thoroughly
mixed and an integrated sample was taken, mini-
mizing the risk of such a sampling artifact. Diatoms
often flourish in mixed systems (Margalef 1978).
This is sometimes considered to be due to in-
creased nutrient supply due to turbulent diffusion
and/or advection, but nutrient concentrations in
our tanks were comparable. Mixing of the tanks
should result in increased suspension of diatoms
and chlorophytes and therefore increased resi-
dence time in the more highly illuminated upper
layers of the tanks. This is the more likely expla-
nation of the response of these organisms to the
mixing treatment. Our observations are consistent
with the data of Pinckney et al. (1999) that showed
that mixed conditions were conducive to increased
rates of carbon fixation and abundance of chlo-



rophytes and diatoms from the same location in
the Neuse River estuary.

While diatoms and chlorophytes seemed to pre-
fer mixed conditions, cyanobacteria and crypto-
phytes were significantly more abundant in static
tanks in August and May, respectively. This is in
agreement with observations in many marine and
freshwater systems, where static conditions favor al-
gal groups with depth-regulating abilities, e.g.,
buoyancy-regulating cyanobacteria and flagellated
plankton (e.g., Olli 1999). Large filamentous
forms of cyanobacteria (e.g., Anabaena, Microcystis)
contain gas vacuoles and use carbohydrate ballast-
ing to alter buoyancy and thus allow accumulation
of cells at the surface of a water column under
conditions of low wind mixing (Paerl 1983; Oliver
and Walsby 1984; Christian et al. 1986; Oliver
1994). The cyanobacteria sampled in the August
experiment were members of the genus Anabaena,
based upon microscope observations (Moisander
personal communication). Accumulation near the
surface of a turbid water column will allow cyano-
bacteria to compete more effectively for available
light than cells that are restricted to deeper, poorly-
illuminated water. Accumulation at the surface will
also shade deeper phytoplankton, further increas-
ing the competitive advantage of the cyanobacte-
ria. Surface-dwelling cyanobacteria have been
found to be extremely well adapted to the high
levels of incident irradiance encountered at the
surface (Eloff et al. 1976; Paerl 1983; Van Rijn et
al. 1986).

In November, we found that cyanobacteria were
significantly more abundant under mixed condi-
tions. While at first this may seem contradictory,
microscope observations of samples from the
Neuse River show that the winter cyanobacterial
populations are often composed of cells of the gen-
era Synechococcus and Synechocystis (Paerl personal
observation). These are small coccoid forms of cy-
anobacteria and do not have the buoyancy regu-
lating abilities of the larger filamentous forms like
Anabaena. These results illustrate the importance
of collecting samples for microscope analysis along
with samples for pigment-based assessment of phy-
toplankton community structure.

The success of the cryptophytes under static con-
ditions may be linked to their ability to depth-reg-
ulate by behavioral mechanisms. The most com-
mon member of the cryptophytes, Cryptomonas, is
a flagellated organism commonly found in samples
from the Neuse River estuary (Fensin 1998). As
with the cyanobacteria, the ability to depth regu-
late may confer a competitive advantage, allowing
cells to access light near the surface of the turbid
water column or to avoid supersaturating intensi-
ties (Olli 1999). In microcosm experiments with
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Neuse River phytoplankton, Pinckney et al. (1999)
also found that static conditions favored growth of
cryptophytes.

This study examined the effects of nitrogen
form under irradiance conditions that closely sim-
ulated the turbid estuarine light environment (see
Methods). Despite some hints that ammonium was
the preferred nitrogen source in May, we found no
significant differences between effects of different
forms on nitrogen on phytoplankton community
structure and function. This was true even though
the initial composition of the phytoplankton com-
munities used for investigation was quite different
between the experiments. We hypothesized that
the energetic requirements for assimilation of ni-
trate will preclude the use of nitrate in favor of
ammonium under conditions of reduced light
availability (static tanks); this generally does not
seem to have been the case. We acknowledge that
we were only looking at algal group-specific re-
sponses during these experiments and there may
have been species-specific responses to different
forms of nitrogen that were not detected by the
HPLGC-based technique.

The most noticeable overall response of Neuse
River estuary phytoplankton communities was to
mixing treatments. The effect of mixing (or lack
thereof) was likely manifested directly through ef-
fects on vertical structure of the water column and
indirectly through regulation of light exposure.
The result was taxonomically-distinct and physio-
logically-distinct phytoplankton communities un-
der mixed versus static conditions. These observa-
tions are supported by results of modeling studies
that found that species composition in well-mixed
waters should differ from species composition in
waters of low turbulence (Huisman et al. 1999a,b).
The high degree of temporal and spatial variability
in phytoplankton community structure observed
in the Neuse River estuary (Pinckney et al. 1997,
1998, 1999) may be primarily the result of short-
term, episodic changes in the hydrodynamics of
the water column that are driven by meteorologi-
cal forcing rather than a result of variations in the
form of nitrogen available to phytoplankton.

Results of this study have implications for man-
agement of eutrophication in the Neuse River es-
tuary. It is already well recognized that nutrient
input reductions are the only manageable option
for stemming and reversing water quality degra-
dation in this system. Presently, management ac-
tion focuses primarily on reducing inputs of nitrate
and ammonium to the Neuse River Basin. We have
shown that when limited by nitrogen availability,
phytoplankton from this system respond more or
less equally to all forms of nitrogen. Management
action should focus on all available nitrogen, in-
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cluding organic forms, and not just nitrate and am-
monium. The high degree of spatial and temporal
variability in phytoplankton community structure
observed in previous studies (e.g., Pinckney et al.
1998) and the marked responses that we observed
with mixed versus static treatments illustrate that
managing and predicting phytoplankton responses
to nutrient inputs is extremely difficult. We con-
clude that while nitrogen availability drives accu-
mulation of phytoplankton biomass in the Neuse
River estuary, community structure seems deter-
mined more by the hydrodynamics of the system
rather than by the form of available nitrogen.

ACKNOWLEDGMENTS

We gratefully acknowledge the hard work and excellent tech-
nical assistance of Ben Peierls, Pam Wyrick, Kar Howe, Malia
Go, Lois Kelly, Nathan Hall, Suzanne Thompson, John Fear,
Courtney Stephenson, Tim Steppe, Monica Harrington, Juli Dy-
ble, Mike Piehler, and Jennifer Gross. Comments by R. Riegman
and a second reviewer greatly improved the quality of this man-
uscript. This work was funded in part by the U.S. Department
of Agriculture (Project No. NCR9600509), the Environmental
Protection Agency (Project No. R825243-01-0), and the North
Carolina Sea Grant Program (RMER-30).

LITERATURE CITED

BOYER, J. N., R. R. CHRISTIAN, AND D. W. STANLEY. 1993. Patterns
of phytoplankton primary productivity in the Neuse River es-
tuary, North Carolina, USA. Marine Ecology Progress Series 97:
287-297.

BURFORD, M. A. AND D. C. PEARSON. 1998. Effect of different
nitrogen sources on phytoplankton composition in aquacul-
ture ponds. Aquatic Microbial Ecology 15:277-284.

CARPENTER, E. J. AND R. R. L. GUILLARD. 1971. Intraspecific dif-
ferences in nitrate half-saturation constants for three species
of marine phytoplankton. Ecology 52:183-185.

CHRISTIAN, R. R., W. L. BRYANT, AND D. W. STANLEY. 1986. The
relationship between river flow and Microcystis aeruginosa
blooms in the Neuse River, North Carolina. Report of the
Water Resources Research Institute of the University of North
Carolina, No. 223, Raleigh, North Carolina.

CLOERN, J. E. 1987. Turbidity as a control on phytoplankton
biomass and productivity in estuaries. Continental Shelf Research
7:1367-1381.

CLOERN, J. E. 1996. Phytoplankton bloom dynamics in coastal
ecosystems: A review with some general lessons from sus-
tained investigation of San Francisco Bay, California. Reviews
of Geophysics 34:127-168.

CoOLE, B. E. AND J. E. CLOERN. 1984. Significance of biomass and
light availability to phytoplankton productivity in San Francis-
co Bay. Marine Ecology Progress Series 17:15-24.

Cor1ros, Y. 1989. A linear model of external interactions during
uptake of different forms of inorganic nitrogen by microal-
gae. Journal of Plankton Research 11:521-533.

COPELAND, B. J., H. W. PAERL, J. D. BATES, D. W. STANLEY, E.
KUENZLER, AND A. KLIMEK. 1991. Water quality, p. 1-61. In J.
Steal (ed.), Status and Trends Report of the Albemarle-Pam-
lico Estuary. Albemarle-Pamlico Estuarine Study Report 90-01.
North Carolina Department of the Environment and Natural
Resources, Raleigh, North Carolina.

CULLEN, J. J. AND M. R. LEwis. 1988. The kinetics of algal pho-
toadaptation in the context of vertical mixing. Journal of Plank-
ton Research 10:1039-1063.

DortcH, Q. 1990. The interaction between ammonium and ni-

trate uptake in phytoplankton. Marine Ecology Progress Series 61:
183-201.

ELOFF, J. N., Y. STEINITZ, AND M. SHILO. 1976. Photooxidation
of cyanobacteria in natural conditions. Applied and Environ-
mental Microbiology 31:119-126.

EppLEY, R. W,, J. N. ROGERS, AND J. J. McCArTHY. 1969. Half
saturation constants for uptake of nitrate and ammonia by
marine phytoplankton. Limnology and Oceanography 14:912—
920.

FENSIN, E. 1998. Seasonal population dynamics of the phyto-
plankton community, and of Pfiesteria piscicida/ Pfiesteria-like
dinoflagellates in the mesohaline Neuse Estuary, North Car-
olina. M.S. Thesis, North Carolina State University, Raleigh,
North Carolina.

HARDING, JR., L. W., B. W. MEESON, AND T. R. FISHER, JrR. 1986.
Phytoplankton production in two east coast estuaries: Photo-
synthesis-light function and patterns of carbon assimilation in
Chesapeake and Delaware Bays. Estuarine and Coastal Shelf Sci-
ence 23:773-806.

Hossig, J. E. AND N. W. SmiTH. 1975. Nutrients in the Neuse
River estuary, NC. Report No. UNC-SG-75-21, University of
North Carolina Sea Grant Program, North Carolina State Uni-
versity, Raleigh, North Carolina.

HuismaN, J., R. R. JONKER, C. ZONNEVELD, AND F. ]J. WEISSING.
1999a. Competition for light between phytoplankton species:
Experimental tests of mechanistic theory. Ecology 80:211-222.

HuisMAN, J., P. VAN OOSTVEEN, AND F. J. WEISSING. 1999b. Species
dynamics in phytoplankton booms: Incomplete mixing and
competition for light. American Naturalist 154:46-68.

JEFFREY, S., R. MANTOURA, AND S. WRIGHT (EDS.). 1997. Phyto-
plankton Pigments in Oceanography: Guidelines to Modern
Methods. United Nations Educational, Scientific and Cultural
Organization Publishing, Paris.

Kirg, J. T. O. 1994. Light and Photosynthesis in Aquatic Ecosys-
tems, 2nd ed. Cambridge University Press, Cambridge.

MACKEY, M. D., D. J. MACKEY, H. W. HIGGINS, AND S. W. WRIGHT.
1996. CHEMTAX—A program for estimating class abundanc-
es from chemical markers: Application to HPLC measure-
ments of phytoplankton. Marine Ecology Progress Series 144:265—
283.

MALLIN, M. A. AND H. W. PAERL. 1994. Planktonic trophic trans-
fer in an estuary: Seasonal, diel, and community structure
effects. Ecology 75:2168-2184.

MANTOURA, R. AND C. LLEWELLYN. 1983. The rapid determina-
tion of algal chlorophyll and carotenoid pigments and their
breakdown products in natural waters by reverse-phase high-
performance liquid chromatography. Analytica Chimica Acta
151:297-314.

MARGALEF, R. 1978. Life-forms of phytoplankton as survival al-
ternatives in an unstable environment. Oceanologica Acta 1:
493-509.

MiLLiE, D., H. W. PAERL, AND J. HURLEY. 1993. Microalgal pig-
ment assessments using high-performance liquid chromatog-
raphy: A synopsis of organismal and ecological applications.
Canadian _Journal of Fisheries and Aquatic Sciences 50:2513-2527.

NEILSON, A. H. AND T. LARSSON. 1980. The utilization of organic
nitrogen for growth of algae: Physiological aspects. Physiologia
Plantarum 48:542-553.

NETER, J., W. WASSERMAN, AND M. KUTNER. 1985. Applied Linear
Statistical Models. R. D. Irwin, Inc., Homewood, Illinois.

NIXON, S. W. 1996. North Carolina state senate committee on
water quality and fish kills, 1996 Summary Report. Water Re-
sources Research Institute of the University of North Caroli-
na, Raleigh, North Carolina.

OLIVER, R. L. 1994. Floating and sinking in gas-vacuolate cya-
nobacteria. Journal of Phycology 30:161-173.

OLIVER, R. L. AND A. E. WALSBY. 1984. Direct evidence for the
role of light-mediated gas vesicle collapse in the buoyancy



regulation of Anabaena flos-aquae (cyanobacteria). Limnology
and Oceanography 29:879-886.

OrLr, K. 1999. Diel vertical migration of phytoplankton and het-
erotrophic flagellates in the Gulf of Riga. Journal of Marine
Systems 23:145-163.

PAERL, H. W. 1983. Factors regulating nuisance blue-green algal
bloom potentials in the lower Neuse River. Report No. 177 of
University of North Carolina Water Resources Research Insti-
tute, Raleigh, North Carolina.

PaerL, H. W., M. A. MALLIN, C. DONAHUE, M. GO, AND B. L.
PEIERLS. 1995. Nitrogen loading sources and eutrophication
of the Neuse River estuary, NC: Direct and indirect roles of
atmospheric deposition. Report of the University of North
Carolina Water Resources Research Institute, No. 291, Ra-
leigh, North Carolina.

PAERL, H. W., M. A. MALLIN, J. RUDEK, AND P. BATES. 1990. The
potential for eutrophication and nuisance algal blooms in the
lower Neuse River, NC. Albemarle-Pamlico Estuarine Study
Report 90-15. North Carolina Department of Natural Re-
sources and Community Development, Raleigh, North Caro-
lina.

PAERL, H. W., J. L. PINCKNEY, ]J. M. FEAR, AND B. L. PEIERLS. 1998.
Ecosystem responses to internal and watershed organic mat-
ter loading: Consequences for hypoxia in the eutrophying
Neuse River Estuary, North Carolina, USA. Marine Ecology Pro-
gress Series 166:17-25.

Parsons, T. R., Y. MAITA, AND C. M. LALLL 1984. A Manual of
Chemical and Biological Methods for Seawater Analysis. Per-
gamon Press, New York.

PENNOCK, J. R. 1985. Chlorophyll distributions in the Delaware
Estuary: Regulation by light limitation. Estuarine and Coastal
Shelf Science 21:711-725.

PENNOCK, J. R. AND J. H. SHARP. 1994. Temporal alteration be-
tween light- and nutrient-limitation of phytoplankton produc-
tion in a coastal plain estuary. Marine Ecology Progress Series 111:
275-288.

PETERSEN, J. E., C.-C. CHEN, AND W. M. Kemp. 1997. Scaling
aquatic primary productivity: Experiments under nutrient-
and lightlimited conditions. Ecology 78:2326-2338.

PETERSEN, J. E., L. P. SANFORD, AND W. M. KeEmp. 1998. Coastal
plankton responses to turbulent mixing in experimental eco-
systems. Marine Ecology Progress Series 171:23—41.

PINCKNEY, |. L., D. F. MiLLIE, K. E. HOWE, H. W. PAERL, AND J.
P. HURLEY. 1996. Flow scintillation counting of *C-labeled mi-
croalgal photosynthetic pigments. Journal of Plankton Research
18:1867-1880.

PINCKNEY, . L., D. F. MILLIE, B. T. VINYARD, AND H. W. PAERL.
1997. Environmental controls of phytoplankton bloom dy-
namics in the Neuse River estuary, North Carolina, USA. Ca-
nadian _Journal of Fisheries and Aquatic Sciences 54:2491-2501.

PINCKNEY, J. L., H. W. PAERL, AND M. B. HARRINGTON. 1999. Re-
sponses of the phytoplankton community growth rate to nu-
trient pulses in variable estuarine environments. Journal of Phy-
cology 35:1455-1464.

PINCKNEY, J. L., H. W. PAERL, M. B. HARRINGTON, AND K. E.
Howe. 1998. Annual cycles of phytoplankton community-
structure and bloom dynamics in the Neuse River estuary,
North Carolina. Marine Biology 131:371-381.

ROELKE, D. L., L. A. CIFUENTES, AND P. M. ELDRIDGE. 1997. Nu-
trient and phytoplankton dynamics in a sewage-impacted Gulf

Estuarine Phytoplankton Community Dynamics 839

Coast estuary: A field test of the PEG-Model and equilibrium
resource competition theory. Estuaries 20:725-742.

RowaN, K. 1989. Photosynthetic Pigments of the Algae. Cam-
bridge University Press, New York.

RUDEK, J., H. W. PAERL, M. A. MALLIN, AND P. W. BATES. 1991.
Seasonal and hydrological control of phytoplankton nutrient
limitation in the lower Neuse River estuary, North Carolina.
Marine Ecology Progress Series 75:133-142.

SANFORD, L. P. 1997. Turbulent mixing in experimental ecosys-
tem studies. Marine Ecology Progress Series 161:265—-293.

SCHEINER, S. AND J. GUREVITCH (EDS.). 1993. Design and Analysis
of Ecological Experiments. Chapman and Hall, New York.

SCHLUTER, L., F. MgHLENBERG, H. HAVSKUM, AND S. LARSEN.
2000. The use of phytoplankton pigments for identifying and
quantifying phytoplankton groups in coastal areas: Testing
the influence of light and nutrients on pigment/chlorophyll
a ratios. Marine Ecology Progress Series 192:49-63.

StoLTE, W., T. MCcCOLLIN, A. NOODELOOS, AND R. RIEGMAN.
1994. Effect of nitrogen source on the size distribution within
marine phytoplankton populations. Journal of Experimental Ma-
rine Biology and Ecology 184:83-97.

SYRETT, P. J. 1981. Nitrogen metabolism of algae. In T. Platt
(ed.), Physiological Bases of Phytoplankton Ecology. Canadian
Bulletin of Fisheries and Aquatic Sciences 210:182-210.

THOMPSON, P. A., M. E. LEVASSEUR, AND P. J. HARRISON. 1989.
Light-limited growth on ammonium vs. nitrate: What is the
advantage for marine phytoplankton? Limnology and Oceanog-
raphy 34:1014-1024.

TureiN, D. H. 1991. Effects of inorganic N availability on algal
photosynthesis and carbon metabolism. Journal of Phycology 27:
14-20.

VAN RIN, J., M. SHILO, AND S. DiaB. 1986. Phytoplankton suc-
cession in relation to nitrogen regime in shallow, brackish-
water fish ponds. Archives of Hydrobiology 111:183-195.

VINCENT, W. F. 1992. The daily pattern of nitrogen uptake by
phytoplankton in dynamic mixed layer environments. Hydro-
biologia 238:37-52.

Worsy, S. C. 1983. A simple model to predict extinction coef-
ficients and phytoplankton biomass in eutrophic waters. Lim-
nology and Oceanography 28:1144-1155.

WRIGHT, S., S. JEFFREY, R. MANTOURA, C. LLEWELLYN, T.
BjgRNLAND, D. REPETA, AND N. WELSCHMEYER. 1991. An im-
proved HPLC method for the analysis of chlorophylls and
carotenoids from marine phytoplankton. Marine Ecology Pro-
gress Series 77:183-196.

WRIGHT, S. W., D. P. THOMAS, H. J. MARCHANT, H. W. HIGGINS,
M. D. MACKEY, AND D. J. MACKEY. 1996. Analysis of phytoplank-
ton of the Australian sector of the Southern Ocean: Compar-
isons of microscopy and size frequency data with interpreta-
tions of pigment HPLC data using the ‘CHEMTAX’ matrix
factorization program. Marine Ecology Progress Series 144:285—
298.

SOURCE OF UNPUBLISHED MATERIALS

MOISANDER, P. Personal Communication. Institute of Marine Sci-
ences, University of North Carolina at Chapel Hill, Morehead
City, North Carolina 28557.

Recetved for consideration, May 30, 2000
Accepted for publication, March 28, 2001



